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Abstract

Single crystals of Ndy¢Gdg4Se; gs have been prepared by chemical transport reactions starting from pre-annealed powder
samples. Satellite reflections observed in X-ray and electron diffraction experiments indicate the presence of a two-dimensional
lattice distortion. The origin of this is a site occupancy wave and, coupled to this, a charge density wave in the planar selenium layer
of this compound. The modulated structure has been solved and refined from X-ray data using the superspace approach.
Ndo‘(,GdOASeL‘gS can be desceribed in the (3+2)-dimensional superspace group P4/n(ocﬁ%) (p- oc%)OO with lattice parameters of
a=4.088(1) A, c = 8.336(1) A. Diffuse scattering contributions have been observed around the satellite reflections which can be
understood by the formation of domains with slightly different ordering patterns of Se atoms. Thus, the incommensurate
translational parts of the modulation vectors are not constant over the whole crystal and can be described as o = 0.29 + k and

p =0.29 — k with —0.05<k<0.05.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Rare-earth dichalcogenides LnX,_s (Ln=7Y, La,
Ce-Lu; X= S, Se, Te) are both fascinating and puzzling
in their crystal chemistry. The common structural
feature of all of these compounds (except EuSe,, [1]) is
an alternating stacking of puckered [LnX] double slabs
and square planar [X] layers, as found in the ZrSSi
structure type (space group P4/nmm, depicted in Fig. 1).
However, no compound without structural distortion or
disorder has yet been reported. In most cases, the nature
of the distortions can be regarded to be of the Peierls
type (e.g., cf. Ref. [2]). Since the rare-earth metals are
found in their trivalent state and no X—X bonds are
observed in the [LnX] double slabs, charge balancing
according to [Ln*t X?7][X ] leads to a formal charge of
—1 for the chalcogen atoms of the square layers. This
unfavorable electronic situation can be resolved by the
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formation of X7~ dimers or other anionic fragments.
The clustering of atoms is usually accompanied by a
symmetry reduction (e.g., cf. Ref. [3] and references
cited therein). For rare-earth diselenides with the
composition LnSe,, the square nets always distort to
give a herringbone pattern of Se%‘ dimers. These
compounds can therefore be described as [Ln’*Se*”],
[Se3”]. Only three compounds of this composition,
namely LaSe,, CeSe, and PrSe,, have been structurally
characterized to date [4].

In addition to the stoichiometric compounds LnSe,, a
number of selenium-deficient compounds LnX,_s
(0<0<0.3) exist. The compounds LnSe; ¢ of the lighter
rare-earth metals La, Ce, Pr, Nd and Sm crystallize in the
CeSe; o structure type with a 10-fold supercell of the
ZrSSi structure [5]. The compounds LngSe;s (LnSe; g7s;
In=Y, Gd, Tb, Dy, Ho, Er) adopt the GdgSes
type with a 24-fold supercell of the basic structure [6].
Although some incommensurate superstructures have
been reported for LnSe,_s compounds [4c,7], only one
structure has been solved using the superspace approach.
DySe; g4 can be described in the (3+2)-dimensional
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Fig. 1. Substructure of the lanthanide diselenides LnSe, (ZrSSi type);
Ln atoms: (@), Se atoms: (O); the unit cell is emphasized.

superspace group Pm2in(a, B,3) (o, —,5)000 with o =
0.33 and f =0.27 [7]. In all cases mentioned above,
selenium defects have only been observed in the square
layers, while the [LnSe] double slabs remain unaffected.
The occurrence of Se deficiencies has, of course, a strong
impact on the electronic situation of the [Se] sheet: single
Se’~ anions and vacant sites occur along with the dimers
mentioned above. The arrangement of Se;” dimers
around the vacancies and single anions has been studied
with reference to energetic considerations, and several
possible local orientations have been discussed by Lee
and Foran [8]. These authors also introduced the term
defective lattice charge density waves to characterize
the situation in which a crystalline superstructure is
produced by an ordered pattern of vacancies.

Since it is somewhat surprising, that at least three
different structure types with three slightly different
compositions are adopted by the diselenides of trivalent
rare-earth metals, we started to investigate ternary
compounds containing rare-earth metals that are usually
found in different structure types. The first results of
these investigations are presented in the following.

2. Experimental section
2.1. Preparation

All preparational steps were carried out under dried
Argon (Messer-Griesheim, Krefeld, Germany, 99.96%).
Neodymium (Chempur, Karlsruhe, Germany, powder,
99.9%), gadolinium (Chempur, Karlsruhe, Germany,
powder, 99.9%) and selenium (Strem, Kehl, Germany,
powder, 99.99%) in a molar ratio of 1:1:1.9 were loaded
into silica ampoules. The ampoules were sealed under
vacuum and placed into an oven where the mixtures
were heated to 850°C for 10 days. Single-phase, gray
microcrystalline samples were obtained, as judged by
their X-ray powder diagrams. Single crystals were
prepared by chemical transport reactions starting from
the pre-reacted samples over a temperature gradient

from 850°C to 800°C with iodine (about 3gcm™) as
transport agent. After 10 days, shiny, gray metallic
platelets up to 0.15mm were found at the cold ends of
the ampoules.

2.2. Composition

EDX analyses (Zeiss Digital Scanning Microscope
982 Gemini with a Noram Voyager analytic unit) were
performed on freshly cleaved faces of several crystals.
The overall composition Nd0A60(2)Gd0A4O(2)Sel_90(3) was
determined; no traces of any other element were found.
Refinement of the occupancies of the metal atoms
during refinement of the average structure yielded values
of 0.64(8) and 0.36(8), respectively. Due to large
correlations with some modulation parameters, the
occupancies were fixed at 0.6 for Nd and 0.4 for Gd
during the refinement of the modulated structure.
Refinement of the occupancies of the layer atom Se(2)
yielded 0.85(1) for the modulated and 0.86(1) for the
average structure, respectively. These refined occupan-
cies are slightly smaller than the result of the EDX
analyses, but since both calculations yielded the same
value within standard deviation, we refer to the
compound as Ndj ¢Gd 4Se; gs.

2.3. HRTEM and electron diffraction

Samples for HRTEM and electron diffraction were
prepared by grinding single crystals under n-butanol.
A few drops of this suspension were placed onto a
carbon-coated copper grid, and the alcohol was allowed
to evaporate.

Electron diffraction studies were carried out with a
JEOL JEM-2000 FX electron microscope, operated at
200kV. For HRTEM investigations a JEOL JEM-3010
electron microscope, operated at 300kV, was used.

2.4. X-ray investigations

Crystals of the title compound were mounted on
quartz fibers, and precession records were taken.
Satellite reflections were found on precession records
hk0.5and hk 1.5, indicating a two-dimensional incom-
mensurate modulation of the structure with the rational
component of the modulation vectors being % along c*.
Subsequent recording of a complete data set of main
reflections, first-order satellites, and cross-terms was
carried out on a STOE IPDS diffractometer with
monochromatized MoKuo radiation. The modulation
vectors were determined using the STOE IPDS software
package [9]. Absorption correction of the (3+2)-
dimensional data set was performed using the
JANA2000 software package [10]; the shape of
the crystal was taken from the corresponding fit on the
average structure [l11]. Structure refinements were
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carried out with JANA2000 against F°. Representations
of the crystal structure were prepared with the program
DIAMOND [12].

3. Results and discussion
3.1. Structure determination and refinement

The X-ray diffraction pattern suggests Laue class
4/mmm and the reflection condition hk0:h+k =2n
for the main reflections indicates the space group
P4/nmm for the basic structure. Since no additional
extinction conditions for the satellites were observed, the
(3+2)d superspace group P4/nmm(ood) (o — o)00mm
with o = 0.29 is unambiguously defined [13]." However,
some of the satellites showed streaking perpendicular to
the direction of the modulation vector.

HRTEM images recorded along [001] exhibit a multi-
domain structure for the investigated crystals. From
the distribution of dark and bright spots in the image,
the lattice parameters of a = b~ 4.1 A can be extracted.
Fig. 2a shows an electron diffraction image of a crystal
of Nd¢Gdy4Se;gs recorded along [001] (left; all
crystallographic directions are given with respect to
the basic structure) and a schematic illustration of an
enlarged section around one main reflection (right).
First-order satellites related to the modulation vectors
¢q1 and ¢, cannot be found in this zone due to the
contribution of % along ¢*. Instead, second-order
satellites according to 2¢; and 2¢; (some are indicated
by black arrows in the figure) and cross-terms according
to g1 +¢» and ¢g; —¢» (some emphasized by gray
arrows) occur. All satellites show intensity maxima well
defined by ¢; and ¢, but extensive streaking is observed
perpendicular to the respective modulation direction for
the second-order satellites as well as along [110] and
[110] simultaneously for the cross-terms. All main
reflections, on the contrary, are sharp and distinct spots.
Fig. 2b shows a SAED pattern taken along [110] with
the reciprocal lattice vectors indicated. The contribution
of the modulation vector along ¢* can clearly be seen.
Satellites up to the order of at least four are observed

"During X-ray investigations of several crystals, we found values
between 0.289 and 0.292 for the translational parts o and f of the
modulation vectors. These values are slightly larger, but still close to
the commensurate value of 2/7. The structure can thus also be refined
in a commensurate 7a x 7b x 2¢ supercell (space group P4/n). This
structure refinement converged to residuals of R; =0.042, wR, =
0.127 for 9394 data and 429 parameters. All Se atoms could only be
refined isotropically; the standard deviations of the atomic parameters
are at least twice as large as for the superspace refinement, those of the
interatomic distances are about 10 times larger. The structure model
gave no resolution of the disordered Se layer. Considering this, we
prefer the superspace approach for this problem, especially when we
take the reduced number of parameters in the modulated refinement
and the low intensities of the satellites reflections into account.
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Fig. 2. (a) Left: SAED pattern taken along [001], satellites are
indicated by arrows, right: schematic illustration representing the
intensity distribution of second-order satellites (black arrows) and
cross-terms (gray arrows) around one main reflection. (b) SAED
pattern taken along [110], three satellites and one main reflection are
indicated by arrows.

and no streaking of reflections is found in this direction.
A set of satellites of order 1, 2, and 3, and the respective
main reflection is indicated by arrows.

If we consider the intensity maxima of all reflections
only, the whole diffraction pattern again resembles
4/mmm symmetry. The modulation vectors are then
qi = (o,0,%) and ¢» = (¢, —0;,}) with «=0.29. The
streaks of the satellites in the hk0 plane, clearly
contradicting the 4/mmm symmetry, indicate a distur-
bance of the long-range order perpendicular to the layer.
Since the diffuse scattering is only observed near satellite
reflections, the disorder must be coupled to that part of
the structure which is principally affected by the lattice
distortion. This is, as we will see, the defective [Se] layer.
The [Se] sheet consists of a few building units which can
be arranged in different ways. Since we are dealing with
a layered-type structure (Fig. 1), information transfer
between the [Se] sheets can be neglected. We can thus
assume that the crystal consists of different domains
with different ordering patterns. In the superspace
approach, we cover this by considering slightly different
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modulation vectors ¢} = (o + k,a — k,1) and ¢} = (2 —
k,—(a+k),}) with k= const. for each domain;
different domains can have different values of k. As a
result, k runs from —é to +6 for the whole crystal and
streaking perpendicular to the modulation direction will
occur for all satellites of the type ng; and ng
(n=1,2,3,...). For the cross-terms ¢} +¢5 and
¢} — ¢4, the resulting scattering vectors are (2o, —2k,0)
and (2k, 2a,0), respectively, explaining the simultaneous
streaking along both modulation directions. The ob-
served diffraction pattern, a superposition of the
contribution of all domains, can be described with Laue
symmetry 4/m. In accordance with these considerations,
the modulation vectors ¢} = (o, f,1) and ¢, = (B, —a,4)
with o = f =0.29 were defined, and the structure of
Nd ¢Gdg 4Se; g5 was solved and refined in superspace
group P4/n(af) (B — )00 (s. below). Since the inten-
sity of the streaks is comparatively weak and the
observed intensity maxima for all satellites are compa-
tible with 4/mmm symmetry, we can assume that
one high symmetric phase predominates, which can
be described in superspace group P4/nmm(ococ%)
(o0 — 03)00mm.

Note, that an equivalent explanation for the streaking
exists if we consider modulation vectors of the kind gy =
(o, B,3) and gf = (, —B, %) with o~ f. These vectors are
compatible with orthorhombic symmetry at most. An
orthorhombic superstructure with these modulation
vectors and o = 0.27 and f# = 0.33 has been found for
DySe; g4 [7].

In order to lose the commensurate part of the
modulation vectors, the c-axis of the unit cell of
the average structure was doubled and the superspace
centering condition (00511) was introduced. Taking the
transformed atomic parameters of the ZrSSi type, a
conventional 3D starting model was readily available
and could be refined to residuals of R; = 0.027 and
wR; = 0.074 for all main reflections. Se(2), the selenium
atom of the square layer showed large pancake-shaped
displacement parameters indicating the directions of the
modulation.

In a next step, first-order harmonics for the positional
displacements of all atoms were introduced but the
refinement did not yield a satisfactory structure model
(WRy~0.36 for all first-order satellites). From the
resulting Fourier map, depicted in Fig. 3, it is apparent
that the atom Se(2) partly follows a sawtooth-like
modulation. Such discontinuous behavior is quite well
known and can be fitted fairly suitably in four
dimensions. However, a sawtooth function in five
dimensions is not available in any refinement software,
and the use of a crenel function for the fit of the
occupation modulation was excluded for the same
reason. Instead, a harmonic function with first-order
coefficients for the positional modulation of the Lr and
Se(1) atoms and first- and second-order coefficients for

x5=0,y=0.25,z=0 x5=0.5,y=0.25,z=0

3.0 3.0
x4 x4
2.0 2.0 1
1.0 1.0
0.0 0.0
0.55 0.55
0'75x 0.95 0'75x 0.95

Fig. 3. Sections of a Fourier map in (3 +2)d space along one
modulation direction calculated around atom Se(2) which is indicated
by the central line; x4 and x5 are the external basis vectors
corresponding to ¢} and ¢}, respectively (cf. Ref. [14], for a definition
of x4 and x5); the discontinuous nature of the modulation can clearly
be seen.

the occupancy and positional modulation of Se(2) was
chosen. This refinement resulted in a satisfactory
structure model with reasonable interatomic distances.
In the final stages of the refinement, modulation waves
for the displacement parameters of all atoms were also
introduced. It should be noted that a fit of any
discontinuous behavior with a harmonic function can
only result in an approximation and may show some
over- and undershooting as well as notable truncation
effects.

Since the high Laue symmetry of the diffraction
pattern could be induced by twinning, this option was
tested but the introduction of the corresponding twin
law yielded no improvement. Transformation of the
structure model to orthorhombic and monoclinic super-
space groups and subsequent refinements gave no
improvements either. All structure models calculated
in different space groups were very much alike;
some could be excluded by the occurrence of short
Se—Se contacts (<2.2A). We take this as a strong
indication that the choice of the superspace group
PA4/n(apl) (B — o4)00 does not lead to general misrepre-
sentations in the structure description. The bad residual
values for the second-order satellites, which are all cross-
terms (hkIm:m and n = +1) in this case, are caused
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Table 1
Crystallographic data for Ndy ¢Gdy 4Se; g5
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Formula; formula weight; F(000)
Crystal size

Diffractometer

Reflections

Main reflections and satellites
Main reflections only
First-order satellites
Second-order satellites

Rim§ Rsigma

Superspace group; Z

Lattice parameters

Centering vector
Modulation vectors

Calc. density; abs. coefficient
Abs. correction
Refinement

Weighting scheme
Residual values
Main reflections and satellites:
R]7 WR2(1>30'); R]7 WRz('d” I)
Main reflections only:
Ry, WRy(I>30); Ry, WRx(all 1)
First-order satellites only:
Ry, WR2(1>30'); Ry, WRy(all 1)
Second-order satellites (cross-terms):
Ry, WRy(I>30); Ry, wRx(all 1)
GooF (I>30; all I)
Largest diff. peak/hole

Ndg¢Gdo4Se; gs; 296.3 gmol~!; 498

0.03 x 0.03 x 0.05mm’

STOE IPDS, graphite monochromator, MoKuo
—S5<h,k<5;-21<I<21;-1<m,n<1
2.3°<0<26.8% 14301 refl. collected

1338

149 independent, 145 obs. with 7> 3a(/
596 independent, 405 obs. with /> 30
593 independent, 130 obs. with 7>3a(7

independent, 680 obs. with I>3a(])
()
(1)
()

0.130; 0.017
P4 /n(aph) (B - 4)00 (No. 2593); 4
a=4.088(1)A

¢ =16.672(3) A

v =278.6(1) A3

(O$07
q) =

L1y
20202 { ,
(avﬁ’j)a q>

(B, 701,%); o =0.29 + £k,

p=0.29 —k; —0.05<k<0.05 (estimated)
7.06gcm™>; 44.63 mm ™!

Analytical [10,11], Tpin = 0.03, Tinax = 0.11
JANA2000, full matrix against £ [10]

43 parameters

w=1/[c>(I) + (0.00032(1%)]

0.053, 0.101; 0.129, 0.125

0.031, 0.079; 0.032, 0.079

0.056, 0.104; 0.089, 0.106

0.235, 0.435; 0.639, 0.791

by the very low intensity and poor statistics for these
reflections: only about 30% have intensities above 3o(7),
and less than 50% above lg([). In the F, — F, table, the
deviations for the cross-terms are not larger than for
other reflections. Nevertheless, these reflections are
important for the refinement and stabilization of the
structure model.

The final structure model for Nd, Gd 4Se; g5 and the
results of the refinements are stated in Tables 1-3
(crystallographic information, atomic parameters and
Fourier coefficients of the modulation waves, respec-
tively); selected interatomic distances are given in
Table 4.

3.2. Structure description and discussion

As stated above, the modulation mainly affects the
Se(2) atom of Ndg ¢Gdg4Se; g5 (cf. Table 3). On the one

2Further details on the crystal structure investigation can be
obtained from the Fachinformationzentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen  (fax:  (++-49)7247-808-666;  e-mail:
crysdata@fiz.karlsruhe.de), on quoting the depository number CSD
413247.

2.78,320

+2.1/=2.3¢ A3
Table 2
Aotomic coordinates, occupancies and displacement parameters U
(A% x 10%
Atom Occ. X y z Uy = Up Uss
Nd(1) 0.6 1/4 1/4  0.6368(1) 96(3) 150(4)
Gd(l) 04 1/4 1/4  0.6368 96 150
Se(1) 1.0 1/4 /4 0.8168(1) 94(4) 112(4)
Se(2) 0.85(1) 1/4 /4 0 295(9) 99(8)

hand, distinct vacancies occur as a result of the
occupancy modulation of this atom. The positional
modulation, on the other hand, leads to the rearrange-
ment of the remaining Se atoms to form discrete anionic
entities. The resulting [Se] layer is illustrated in Fig. 4.
The section covers seven times the basic lattice
parameters a and b and thus more than one modulation
period along ¢} and ¢, each. A relatively high cutoff
value of 0.65 for the modulated site occupancy factors
(s.0.f.) has been chosen in order to represent the
composition of the selenium layer best.

Besides the obvious occurrence of distinct vacancies,
the Se(2)-Se(2) distances vary from 2.44 to 3.45 A in the
modulated phase and fall in three groups: a first group
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Table 3

Fourier coefficients of the site modulation (Ssp, Csn) and the occupancy modulation (Cop) waves (S= sin, C= cos term, the subscripts 1 and 2 refer to
modulation waves ¢} and ¢}, subscripts 3 and 4 to ¢} + ¢5 and ¢} — ¢, resp.)

Atom le = Ty Syl = S,\'Z SX3 = 7Sy4 Sy3 = Sx4 C:l = CzZ Col = CaZ Cal = C02

Nd(1) —0.0045(2) —0.0046(2) — — 0.0060(1) — —

Gd(1) —0.0045 —0.0046 — — 0.0060 — —

Se(1) 0.0030(2) ~0.0032(2) - — 0.0038(1) — -

Se(2) 0.0478(5) —0.0479(5) —0.0140(7) —0.0002(8) 0.0001(1) 0.166(8) —0.040(9)

Table 4 o ) Besides this positional disorder another feature

Selected interatomic distances (A) should be noted. Some chalcogen positions of the eight
Ave. Min. Max. A rings of Ysel_gs, HOSC]_875, DySel_875, ErSel‘85, and the

M-Se(1) 2995(1)  2.928(2)  3.0722)  0.144  1x eight-ring fragments of DyS, 75, DyS; g4, and HoS, g6

M-Se(1) 2990(1)  2939(1)  3.053(1)  0.114  4x are not fully occupied [6f,15]. In Nd( ¢Gdy 4Se; gs, one of

M-Se(2) 3.065(4) 3.061(4) 3.260(4) 0199 4x the Se positions in most of the eight-ring fragments has

Se(2)-Se(2) 2.941(8) 2.346(7) 3.455(7) 1.109 4 x an occupation factor between 0.65 and 0.7, i.e., slightly

with short distances between 2.44 and 2.64 A (depicted
as continuous lines in Fig. 4, left and right), a second
group with distances from 2.70 to 2.92 A (dashed lines in
Fig. 4, right), and a third with distances >3.00 A (not
emphasized in Fig. 4). If only the short contacts
(<2.64 1&) are taken into account, the selenium sheet
can be described as containing dimers, bent trimers and
a number of monomeric anions, some of the latter
arranged in groups (Fig. 4, left). If we also consider
Se-Se distances between 2.70 and 2.92 A, the image of
the [Se] layer now shows eight membered rings and
fragments of these eight rings around the vacancies with
chains of linear trimeric anions and Se*” anions running
between them (Fig. 4, right). Similar eight rings
consisting of a pinwheel-like arrangement of four Seg_
dumbbells are found in the selenium layers of the
compounds of the CeSe; ¢ type (Fig. 5, left, e.g., NdSe; ¢
[5b]). In the structures of GdgSe, s (Fig. 5, right, [6f]) and
DySe, g4 ([7], not depicted) eight rings consisting of a
disordered arrangement of dimers occur. In the struc-
tures of YSe; gs, HoSej g75, DySe; g75 and ErSe; gs, as
well as in those of the related sulfides DyS; 76, DyS; g4,
and HoS; g6, defect chalcogen eight rings were found
[15]. It is thus not surprising to find a similar kind of
selenium fragments in Ndg¢Gdg4Se;gs Since we are
dealing with a partially disordered structure, the eight
rings and eight-ring fragments are likely to consist of a
disordered pattern of dumbbells, or dumbbells and
single Se?~ anions, respectively.

The bent trimers in the present structure exhibit bond
angles between 87° and 89°, in contrast to the bond
angle of approximately 104° found in the bent Se%f
entities of the alkali metal selenides 4,Se; (4= K, Rb,
Cs, e.g., Ref. [16]) Whether this is due to crystal packing
effects or whether the trimers appear as a result of
disorder cannot be deduced from our data.

above the threshold for representation in Fig. 4. The
linear chains between the eight rings are almost not
affected by the occupancy modulation; all atoms have
s.o.f. close to 1.0. The linear trimers within these chains
may also be composed of a disordered sequence of
Se’~ monomers and Se3~ dimers; the occurrence of
Se;~ anions is somewhat unlikely since these entities
have never been observed in the solid state. The Se—Se
distances of the linear trimers are similar to those found
in the eight rings (2.59-2.90 A). In the [Se] layers of the
respective binary selenides, the shortest Se—Se distances
were found to be 2.48 A for the Se3~ dimers and 2.92A
between two dimers in NdSe;o; 2.41/2.491& for the
ordered and 2.50/2.51 A for the disordered dumbbells in
the eight ring, and 2.75/2.78 A between two disordered
dimers in GdgSe;s [5b,6f]. The shortest contact between
dimers and single anions is 3.17A in NdSe; ¢ but only
2.94A in GdgSe;s.

As has been pointed out by Lee and Foran [8], the
radial or spoke-like arrangement of four Seg_ dimers
around a single Se’” anion and the eight-ring or
pinwheel-like arrangement of dimers around vacancies
are the most favorable structural patterns for defective
selenide layers. The same surely holds for defective
sulfide layers [15], but not necessarily for telluride sheets,
in which several different Te entities can be found [17].
The only structure, in which a fully ordered spoke-like
pattern in the defective square layers occurs are those of
the CeSe; ¢ type. All other structures contain disordered
layers; however, as is visible from Fig. 4, the tendency to
adopt this favorite orientation is widely conserved.

During the solution of the modulated structure of
DySe, g4, several models were developed and refined to
similar residuals. Since no decision about the crystal-
lographically correct model was possible from the
diffraction data, the second moment scaled Hiickel
method based on idealized starting models was used
[7,18]. The models found to be lowest in energy
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Fig. 5. Projection of the Se-deficient [Se]-sheets of NdSe; o (CeSe; o type, left) and GdgSe;s (right).

contained single anions, dimers and pairs of vacancies.
Some of these patterns can also be observed in
Ndg¢Gdg4Se; gs. In addition, the authors clearly
ruled out the occurrence of higher Se oligomers, like,
e.g., Sey .

The modulation of the Ln atoms is much more
pronounced along ¢ than within the pseudo-tetragonal
plane and is directly linked to the strong modulation in
the Se square layer. The modulation of the Se(1) atoms
along ¢ is coupled with the modulation of the Ln atoms,
and the Ln—Se(1) distances therefore only vary from 2.93
to 3.07 A, within the range of the respective distances in
the binary selenides NdSe; ¢ (2.97-3.08 A) and GdgSe;s
(2.88-3.06 A). The Ln-Se(2) distances, on the other
hand, vary between 2.96 and 3.26 A, slightly more than
in the binary compounds (NdSe;o: 3.00-3.22A;
GdgSeys: 2.92-3.08 A). Fig. 6 shows the slight alteration
of the Ln—Se(1) distances (left) and the larger ones for
the Ln—Se(2) distances (right) along the first modulation
direction ¢1, which is the internal coordinate corre-
sponding to ¢} (cf. Ref. [14], for a definition of ¢). Fig. 7
shows the range of the Se(2)-Se(2) distances from which
the much larger variations are visible.

4. Conclusion

The modulated structure of Ndy ¢Gdy 4Se; g5 has been
solved using the superspace approach. It can be
described based on a ZrSSi like arrangement with
[LnSe] double slabs and planar [Se] layers. The origin
of the modulation is a site occupancy wave coupled to a
charge density wave in the planar selenium layer of the
compound. As a result, vacancies, single Se’” anions,
and Segf dimers occur in the planar [Se] layers.® Several
features complicate the structure solution. One is the
obvious disorder, clearly visible in the diffraction
pattern as diffuse scattering. The disorder mainly affects
the distribution of dimers and single anions in the
selenium layer and thus the interpretation of the
respective interatomic distances. Secondly, the refine-
ment of a non-harmonic behavior by a sum of
harmonics is necessarily an approximation. The mod-
ulation strongly affects the occupancies of the layer

3We avoid this expression defective lattice charge density wave in
the discussion because the disordered pattern in the [Se] layer does not
match the original formulation given in Ref. [8].
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respective value for a non-modulated layer.

positions and structure images therefore depend on
the cutoff value chosen for the representation of the
respective atoms. The true selenium content in the layer
may still differ somewhat from the one depicted since
several atoms have occupancies only slightly above the
threshold. For these reasons, the structure images given
in Fig. 4 provide an appropriate, although perhaps not
completely satisfying representation of the [Se] layer in
the present structure. Future investigations focusing on
modeling of the atomic positions should be used to
confirm the crystallographic results and to gain more
insight into disordered patterns of this type.

Note added in proof

During revision of the manuscript, the crystal
structure of GdS; g, has been published [19]. GdS; g, is

closely related to Ndg¢Gdp4Se;gs and the other
compounds discussed above since it adopts the same
basic structure. Moreover, this compound exhibits a site
occupancy and a charge density wave-like modulation;
its structure has been refined in the (3 + 2)-dimensional
superspace group P4/n(cxﬂ%)00ss. The planar sulfur
layer contains vacancies, single S*~ anions, and S%*
in a similar distribution as found in Ndg¢Gdg 4Se; g5
and DySe g4.
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